Introduction {#s1}
============

Activities such as mineral excavation, or transportation, smelting, refining, disposal of the tailings and waste waters around mines are important causes of heavy metals contamination [@pone.0050225-Dudka1], [@pone.0050225-Navarro1]. Heavy metals contamination on agricultural soils and crops in the vicinity of mine areas has been regarded as one of the most severe hazards to environmentaland human health [@pone.0050225-Wciso1], [@pone.0050225-Kachenko1]. Treatment of heavy metals contaminated soil was urgent. Conventional methods including chemical precipitation, ion exchange or reverse osmosis processes were used to remove heavy metals from polluted soils, but there kinds of treatments were costly and showed several disadvantages, such as high reagent requirements and the generation of toxic sludge [@pone.0050225-Siloniz1]. Compared with conventional methods, the bioremdation process using microbial biomass offers advantages of low costs, reagent requirement and minimization of the volume of sludge to be disposed [@pone.0050225-Kratochvil1]. Therefore, bioremediation using heavy-tolerant microorganism is an alternative method to remove or recover heavy metals efficiently from polluted environment, and isolation of heavy-metal-tolerant microbes as bioremediation agent is fundamentally important. *Burkholderia* species is an ubiquitous, microbe that are highly resistant to heavy metals (HMs). Many novel species of the genus Burkholderia have been described in recent years, certain species of Burkholderia have proved to be highly efficient in biocontrol, bioremediation [@pone.0050225-Coenye1], [@pone.0050225-OSullivan1] and several mechanisms of heavy metal resistance are known, such as the formation and sequestration of heavy metals in complexes, reduction of a metal to a less toxic species, and direct efflux of a metal out of the cell. Finding novel species is of great interest in the face of potential bioremediation application. The objectives of this work are to aimed isolate and to characterize novel species of heavy metal-resistant and heavy metal-solubilizing bacteria from mine soils of Dabaoshan locating at south China.

Materials and Methods {#s2}
=====================

Strain Isolation {#s2a}
----------------

Soil samples were collected from Dabaoshan Mine. 25 g soil samples were serially diluted with 225 mL 0.85% NaCl (w/v) and suitable 10-fold dilutions were plated onto MGY agar with Cd^2+^ (KCl 0.01%; MgS0~4~ **^.^**7H~2~0 0.025%; (NH~4~)~2~SO~4~ 0.2%; K~2~HP0~4~ 0.025%; Glucose 0.1%; Yeast extract 0.01%;1 mM Cd^2+^; Agar 2.0%) (Difco). The plates were incubated at 28°C for 4 days and all colonies were isolated. Among the isolation, a strain of purple color was isolated, designated as strain GIMN1.004^T^.

Morphological and Physiological Characteristics {#s2b}
-----------------------------------------------

Gram reaction was determined according to the method described by Smibert & Krieg [@pone.0050225-Smibert1] after incubation at 28°C or 5 day on MGY agar. Cell morphology was observed by transmission electron microscopy (HITACHI H 7650) and phase-contrast microscopy (E600; Nikon) after incubation at 28°C for 4 day on MGY agar. Catalase activity was determined by assessing bubble production with 3% (v/v) H~2~O~2~, and oxidase activity was determined using 1% (w/v) tetramethyl-p-phenylenediamine after incubation at 28°C for 4 day on MGY agar. Growth after 5 days incubation in MGY liquid medium was assessed at different temperature (4, 18, 25, 30, 37 and 42°C) and various pH conditions (pH 4.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5 and 10.0), respectively. For the pH experiment, three different buffers were used (final concentration, 50 mM): acetate buffer for pH 4.0--5.5; phosphate buffer for pH 6.0--8.0; Tris buffer pH 8.5--10.0. Salt tolerance was tested in MGY supplemented with 1--10% (w/v) NaCl after 5 days of incubation at 28°C Anaerobic growth was assessed using incubation at 28°C for 5 days in 10 ml rubber-stoppered, screw-capped tubes containing MGY medium (9 ml) covered with liquid paraffin. Indole production and the Voges--Proskauer reaction were tested by using standard procedures[@pone.0050225-Smibert1] after incubation at 28°C for 5 day on MGY agar.

Other physiological characteristics and the utilization of various substrates as sole carbon sources were determined using the Biolog GN2 MicroPlates (Biolog Identification System) assay as recommended by the manufacturer. Sample preparation and analysis were performed according to the directions of the manufacturer (Biolog GN2 System). The triplicate microplates were read, after 4 h and 24 h incubation, using Microstation hardware (Biolog). The data were analyzed using MICROLOG 3 software (Biolog). All the experiments were carried out in triplicate.

GC Content, PCR Amplification, Sequencing and Phylogenetic Analysis {#s2c}
-------------------------------------------------------------------

Sequencing and assembly of 16S rRNA genes were carried out as described by Bakermans & Madsen [@pone.0050225-Bakermans1]. The 16S rRNA gene was amplified using the universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-39) and 1492R (5′- GGTTACCTTGTTACGACTT-39) [@pone.0050225-Lane1]. The amplified products were purified and sequenced using an automated capillary DNA sequencing system (ABI 3730) and a Bigdye Terminator cycle sequencing kit. The 16S rRNA gene sequence of strain GIMN1.004^T^ was compared with available 16S rRNA gene sequences from GenBank using the BLAST program (<http://www.ncbi.nlm.nih.gov/blast/>) to determine the approximate phylogenetic affiliation and was aligned with closely related members using CLUSTALW software [@pone.0050225-Thompson1].

A phylogenetic tree of *Burkholderia* 16S rRNA gene sequences was constructed using the neighbour-joining method of Saitou & Nei [@pone.0050225-Saitou1] with CLUSTAL W (version 1.81) and MEGA Version 3.1[@pone.0050225-Kumar1],. For the neighbour-joining analysis, a distance matrix was calculated according to Kimura's two-parameter correction model. The Minimum Evolution and Maximum Parsimony methods were also used for tree construction, and the stability among the clades was assessed by employing 1000 replicate datasets. Sites with missing data were removed and the mitochondrial region sequences were used to test models of evolution. The p-distance model of evolution was used and employed to MP, ME and NJ tree, the nucleotide sequences and relations were analyzed MP, ME and NJ as implemented in MEGA 3.1. Branches marked with an asterisk are conserved in all methods used. This tree shows the close phylogenetic association of strain GIMN 1.004^T^ with certain members of other *Burkholeria* species.

To measure the G+C content of the chromosomal DNA, genomic DNA from the novel strain was extracted and purified as described by Moore & Dowhan [@pone.0050225-Moore1], and the G+C content was determined as described by Mesbah *et al* [@pone.0050225-Mesbah1], using reversed-phase HPLC. The experiment was carried out in triplicate.

Chemotaxonomy Characteristics {#s2d}
-----------------------------

Isoprenoid quinones were extracted from lyophilized cells which cultivated on MGY medium for 7 days at 28°Cwith chloroform/methanol (2∶1, v/v), evaporated under vacuum conditions and reextracted in n-hexane/water (1∶1, v/v). The crude n-hexane-quinone solution was purified using Sep-Pak Vac silica cartridges (Waters) and subsequently analyzed by HPLC (UltiMate 3000, Dionex) as described by Xie & Yokota [@pone.0050225-Xie1]. Cellular fatty acids were determined for strains grown on NA at 30°C for 5 days. The fatty acid methyl esters were prepared according to the protocol of the Sherlock Microbial Identification System (MIDI system; <http://www.midi-inc.com/>) and analyzed by GC (6890; Hewlett Packard) using the Microbial Identification software package [@pone.0050225-Sasser1]. All the experiments were carried out in triplicate.

DNA--DNA Hybridization {#s2e}
----------------------

DNA--DNA hybridization was performed to evaluate the genomic DNA--DNA relatedness between strain GIMN1.004^T^ and *Burkholderia soli* GP25-8^T^ which was obtained from the KACC. DNA relatedness studies were conducted by using the fluorometric microdilution plate method [@pone.0050225-Ezaki1]. All the experiments were carried out in triplicate.

Minimum Inhibitory Concentration (MIC) of Heavy Metals and antibiotic resistance of the isolate {#s2f}
-----------------------------------------------------------------------------------------------

The MIC of the Cd^2+^ and Pb^2+^ for strain GIMN1.004^T^ and its closest phylogenetic neighbours *(B. soli* GP25-8^T^ and Burkholderia caryophylli ATCC 25418^T^) were determined by the plate dilution method as adopted by Summers and Silver [@pone.0050225-Summers1] and Aleem *et al*. [@pone.0050225-Aleem1]. The lowest concentration that prevented bacterial growth was considered the MIC. The MIC was determined by the intersection of the relative survival curve with the horizontal axis. The relative survival curve was produced using weight changes of cultures that were supplemented with different concentrations of Cd^2+^ and Pb^2+^ compared with non-Cd^2+^ and Pb^2+^ -supplemented controls under the same conditions. The experiments were carried out in triplicate. Cultures were incubated on NA media at 30°C for 7 d.

The NA agar medium was used for the antibiotic resistance experiments. Stationary-phase broth cultures of GIMN1.004^T^ were used as inocula in the antibiotic resistance tests. Plates containing an antibiotic, as well as a nonselective control plate, were streaked with portions (approximately 10 µl) of inoculum, and growth was scored after 5 days. Resistance to a particular concentration of antibiotic was defined as the ability of a strain to form colonies at that concentration. Stock solutions of kanamycin (10 mg/L,20 mg/L), streptomycin (10 mg/L, 20 mg/L), ampicillin (100 mg/L, 200 mg/L) and cefetamet (35 mg/L,70 mg/L) were prepared in distilled water; All solutions were filter-sterilized using 0.45-µm membrane filters. Antibiotics were added to molten agar after sterilization and cooling to 50°C. The NA agar medium without antibiotics was used as controls. The experiments were carried out in triplicate. Cultures were incubated at 28°C for 7 d.

Analysis of Cadmium Adsorbability {#s2g}
---------------------------------

To determine the Cd^2+^ content of bacterial cells grown in NA supplemented with 185.56 mg/L CdCl~2~ for 48 h cells were harvested, rinsed three times using TSB/10 and dried at 55°C for 24 h. Following addition of 5 ml HNO~3~ (70% ), mineralization was carried out in a microwave oven. Metal content was determined using an inductively coupled plasma atomic emission spectrometry (ContrAA700). The experiments were carried out in triplicate.

Stain GIM1.004^T^ was incubated in MGY medium at 0, 2 or 8 mM Cd^2+^ at 150 r/min and 30°C for 24 h. After centrifugation at 12000 g for 10 min, precipitated cells were washed with deionized water for 3 times and then vacuum-dried. One mg dried samples were thoroughly mixed with 100 mg KBr and pressed into slice at 10 t/cm^2^ for 1 min. The slice was analyzed with FTIR spectroscopy [@pone.0050225-Kamnev1]. According to the infrared spectrum of functional groups in cell wall changed under Cd stress, the mechanism of Cd absorption by cells was elucidated.

Statistical Analysis {#s2h}
--------------------

Analysis of variance and the Student--Newman--Keuls test (p\<0.05) were used to compare treatment means. All the statistical analyses were carried out using SPSS 10.0.

Results and Discussion {#s3}
======================

Strain GIMN1.004^T^ was found to be Gram-negative, non-spore-forming, aerobic, weakly motile. In solid MGY agar medium (pH 4.0), the isolate formed round, light pink to white, opaque, wrinkled, and umbonate colonies with fuzzy boundaries. The cells of GIMN1.004^T^ were rod−shaped, 1.3−1.8 µm in length and 0.5−0.6 µm in diameter ([Figure 1](#pone-0050225-g001){ref-type="fig"}). In MGY agar medium with Cd^2+^ (8 mM), the isolate produced purple crystal particle. Strain GIMN1.004^T^ grew at pH 4.0--9.0 at 28°C, but optimally at pH 6.5. It grew at a temperature ranging from 5 to 40°C at pH 6.5, with an optimum growth at 30°C. It grew well at NaCl concentrations of 0--7% (w/v), but was slightly inhibited by NaCl concentration over 7%. The isolate was resistant to streptomycin (20 µg ml^−1^), kanamycin (20 µg ml^−1^), ampicillin (200 µg ml^−1^), and cefetamet (20 µg ml^−1^); The physiological and biochemical characteristics, metabolic properties and substrate-utilization results obtained for strain GIMN1.004^T^ were presented in [Table 1](#pone-0050225-t001){ref-type="table"}.

![Transmission electron micrograph of a cell of strain GIMN1.004^T^, bar 1 µm.](pone.0050225.g001){#pone-0050225-g001}
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###### Physiological and biochemical characteristics that serve to differentiate strain GIMN1.004^T^ from its closest phylogenetic neighbours.

![](pone.0050225.t001){#pone-0050225-t001-1}

  Characteristic                  1              2           3
  ------------------------ ---------------- ----------- -----------
  **Colony colour**         **Light pink**   **White**   **White**
  Catalase                        −             \+          \+
  Motility                        w              −         **+**
  Utilization of:                                       
  Adonitol                        \+             −          \+
  D-arabinose                     \+             −          \+
  D-arabitol                      \+             −          \+
  L-fucose                        V             \+          \+
  Maltose                         \+             −           −
  D-raffinose                     \+             −          \+
  L-rhamnose                      V              −          \+
  D-sorbitol                      \+             −          \+
  Sucrose                         \+             −          \+
  D-trehalose                     −              −          \+
  Xylitol                         \+             −          \+
  α-ketovalevic acid              V              −           −
  Malonic acid                    −              −         **+**
  Chemotaxonomy                                         
  DNA G+C content (mol%)         61.6          64.9        65.3

Strains: 1, strain GIMN1.004^T^; 2, *Burkholderia soli* GP25-8^T^ [@pone.0050225-Yoo1]; 3, *Burkholderia caryophylli* ATCC 25418^T^ [@pone.0050225-Bramer1];

+, Positive; --, negative; V, variable reaction; W, weak reaction; ND, no data available.

All three strains could use D-fructose as sole carbon sources, and couldn't use D-cellobiose. Lactose and D-melibiose.

The isolate was positive for utilization of Tween 40 and 80,*N*-acetyl-D-glucosamine, adonitol,L-arabinose, D-arabitol,D-fructose, L-fructose, D-galactose, α-D-glucos,m-inositol,D-mannitol, D-mannose,D-raffinose, D-sorbitol,sucrose, maltose, xylitol, pyruvic acid methylester,succinic acid mono methylester, *cis-*aconitic acid, formic acid, D-gluconic acid, α-hydroxybutyric acid, β-hydroxybutyric acid, *p*-hydroxy phenylacetic acid, α-keto butyric acid, D,L-lactic acid, propionic acid, quinic acid, D-glucosaminic acid, sebacic acid, succinic acid, bromosuccinic acid, succinamic acid, L-alaninamide,L-alanine,L-alanylglycine, L-asparagines, L-aspartic acid, L-glutamic acid, glycyl-L-glutamic acid, L-histidine, L-phenylalanine, L-proline, L- pyroglutamic acid, L-serine, L-threonine, γ-amino butyric acid, 2- aminoethanol,glycerol, D-glucose-6-phosphate as sole carbon sources. it was negative for the utilization of α-cyclodextrin, *N*-acetyl-D-galactosamine, i-erythritol, gentiobiose, D-melibiose, β-methyl-D-glucoside, D-trehalose, D-cellobiose, turanose, γ- -hydroxybutyric acid,α- ketoglutaric acid,malonic acid, glucuronamide, glycyl-L-aspartic acid, D-serine, D,L-carnitine, inosine, thymidine, phenyethylamine, putrescine, α-D-glucose-1-phosphate (Biolog GN2 Microplate system).

A 1437-bp 16S rRNA gene sequence was determined for strain GIMN1.004^T^. A BLAST search [@pone.0050225-Altschul1] of the GenBank database using this sequence showed high similarity to that of *Burkholderia*. The 16S rRNA gene sequence of strain GIMN1.004^T^ showed a similarity level of 99.4% (over 1428 bases) to that of *Burkholderia soli* strain GP25-8^T^ (GenBank accession No. DQ465451), and of 96--98% to that of other *Burkholderia* species and Burkholderiaceae bacteria. Comparison of the culture characteristics of strain GIMN1.004^T^ and its closest phylogenetic neighbours, however, revealed significant differences from *Burkholderia soli* GP25-8^T^ ([Table 1](#pone-0050225-t001){ref-type="table"}).

In the phylogenetic tree ([Figure 2](#pone-0050225-g002){ref-type="fig"}), strain GIMN1.004^T^ clustered within the genus *Burkholderia*. Phylogenetic analysis of 16S rRNA gene sequences showed that strain GIMN1.004^T^ formed a cluster with *Burkholderia soli* GP25-8^T^, within the genus *Burkholderia*. Though the highest level of 16S rRNA gene sequence similarity (99.4%) was found with respect to *Burkholderia soli* DSM 18235^T^, the corresponding level of DNA--DNA relatedness as determined by hybridization was 25.0%. The values were well below the 70% cut-off point for species classification, as recommended by [@pone.0050225-Wayne1], thus confirming that the isolated strain is an independent novel species of the genus *Burkholderia*.

![Unrooted Neighbour-joining tree constructed from *Burkholderia* 16S rRNA gene sequences, showing the phylogenetic relationship between *Burkholderia dabaoshanensis* sp. nov. and other *Burkholeria* spp.\
*Pandoraea apista* LMG16407^T^ and *Ralstonia pickettii* LMG5942^T^ was used as the outgroup. Bootstrap values (expressed as percentages of 1000 replications) greater than 50% are given at the nodes. GenBank sequence accession numbers are given in parentheses. Bar,0.01 substitutions per nucleotide position. The Minimum Evolution and Maximum Parsimony methods were also used for tree construction. Branches marked with an asterisk are conserved in all methods used.](pone.0050225.g002){#pone-0050225-g002}

The chemotaxonomic characteristics of strain GIMN1.004^T^ were in agreement with the results of the phylogenetic inference, confirming that the novel bacterium belongs to the genus *Burkholderia*. The novel bacterium clearly differed from the related species in terms of cell-wall composition. The major quinones of GIMN1.004^T^ were ubiquinone Q-8, as in the case of other species of the genus *Burkholeria* [@pone.0050225-Yamada1]--[@pone.0050225-Valverde1]. Major cellular fatty acids (representing \>5% of the total) were C~16∶0~ (25.05%), summed feature 8 (17.76% C~18∶1~ *ω7c* and C~18∶1~ *ω6c*), C~18∶0~ (10.57%), summed feature 3(5.93%, C~16∶1~ *ω7c* or iso-C~15∶0~ 2-OH ), C~17∶0~ cyclo (5.52%), C~18∶1~ *ω9c* (5.23%). while that of *Burkholderia soli* was C~18∶1~ *ω7c* (33.5%), summed feature 3 (23.8%, C~16∶1~ *ω7c* or iso-C~15∶0~ 2-OH), C~16∶0~ (15.3%), summed feature 2 (6.6%, C~14∶0~ 3-OH or C~16∶1~ iso I) ([Table 2](#pone-0050225-t002){ref-type="table"}). The DNA G+C content of strain GIMN1.002^T^was 61.6 mol%.

10.1371/journal.pone.0050225.t002

###### Cellular fatty acids composition (\>1%) of GIMN1.004^T^ and its closest phylogenetic neighbours.

![](pone.0050225.t002){#pone-0050225-t002-2}

                                                       *Burkholderia dabaoshanensis* GIMN1.004^T^   *Burkholderia soli* GP25-8^T^   *Burkholderia caryophylli* ATCC 25418^T^
  --------------------------------------------------- -------------------------------------------- ------------------------------- ------------------------------------------
  C~12∶\ 0~                                                               1.77                                   1.8                                   −
  C~13∶1~ AT 12--13                                                       0.91                                   1.0                                  1.0
  C~13∶0~ iso 3-OH                                                        2.40                                    −                                    −
  C~14∶0~                                                                 4.18                                    −                                   4.8
  C~15∶1~ iso F                                                           2.14                                    −                                    −
  C~16∶0~                                                                25.05                                  15.3                                  18.3
  C~16∶0~ 2-OH                                                            0.90                                   1.7                                  2.4
  C~16∶0~ 3-OH                                                            1.76                                   4.2                                  4.3
  C~16∶1~ 2-OH                                                            0.90                                   4.8                                  2.6
  C~17∶0~ cyclo                                                           5.52                                   1.0                                  2.1
  C~18∶0~                                                                10.57                                    −                                    −
  C~18∶1~ 2-OH                                                            0.73                                   2.7                                  3.2
  C~18∶1~ *ω7c*                                                            −                                    33.5                                  36.8
  C~18∶1~ *ω9c*                                                           5.23                                    −                                    −
  C~19∶0~ cyclo *ω8c*                                                     4.55                                    −                                   1.0
  C~20∶4~ *ω6.9.12.15c*                                                   2.35                                    −                                    −
  Summed feature 1[\*](#nt104){ref-type="table-fn"}                       1.34                                    −                                    −
  Summed feature 2[\*](#nt104){ref-type="table-fn"}                       2.74                                   6.6                                  6.1
  Summed feature 3[\*](#nt104){ref-type="table-fn"}                       5.93                                  23.8                                  16.1
  Summed feature 8[\*](#nt104){ref-type="table-fn"}                      17.76                                    −                                    −

Summed feature 1 comprises C~15∶1~ iso H or C~13∶0~ 3-OH.

Summed feature 2 comprises C~14∶0~ 3-OH or C~16∶1~ iso I, or both;

Summed feature 3 comprises C~16∶1~ *ω7c* or C~16∶1~ *ω6c*, or both;

Summed feature 8 comprises C~18∶1~ *ω7c* and C~18∶1~ *ω6c.*

Data of *B.soil* and *B. caryophylli* come from Yoo et al. [@pone.0050225-Yoo1].

Strain GIMN1.004^T^ grew well in NA agar medium supplemented with ≤18 mM Cd^2+^ and visible growth was observed in the presence of 19--22 mM Cd^2+^. The MIC of Cd^2+^ for strain GIMN1.004^T^ was 22 mM. Strain GIMN1.004^T^ grew well in NA agar medium supplemented with ≤4 mM Pb^2+^ and visible growth was observed in the presence of 5--6 mM Pb^2+^. The MIC of Pb^2+^ for strain GIMN1.004^T^ was 6 mM. *B. soli* GP25-8^T^ and *B. caryophylli* ATCC 25418^T^ couldn't grow in NA agar medium supplemented with ≤1 mM Cd^2+^ and Pb^2+^ under the same conditions. The testing of antibiotic resistance showed that stain can grow well at Amp, Kn, Cat and Str.

The testing results showed that the adsorbability of GIM1.004^T^ was 144.94 mg/g by atomic absorption, while the adsorbability of another 8 strain cadmium-tolerant bacteria which isolated under the same condition was 60 mg/g. The adsorptive mechanism of GIMN1.004^T^ for cadmium depended on the action of the amide,carboxy and phosphate of cell surface and producing low-molecular-weight (LMW ) organic acids to complex or chelated Cd^2+.^

Cadmium is an ubiquitous toxic metal that was capable of modulating immune responses [@pone.0050225-Fujimaki1]. In this study, we isolated one bacterial isolates which could be resistant to Cd^2+^. Based on the tolerant ability and higher adsorbability of the Cd^2+^, bacterial strain GIM1.004^T^ have potential implications cleaning up of detoxifying metal-contaminated soils in the future.

Therefore, based on the physiological, biochemical, chemotaxonomic, and molecular genetic results described above, GIMN1.004^T^ represented a new species of the genus *Burkholderia*, which has been tentatively named as *Burkholdria dabaoshanensis* sp. nov. (da.bao.shan.en\'sis. N.L. fem. adj. dabaoshanensis pertaining to dabaoshan which the strain was isolated ) with the strain type GIMN1.004^T^ ( =  CCTCC 209109^T^ =  NRRL B-59553^T^ ).
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